When root tips of fully aerobic, intact maize (Zea mays L.) seedlings are made anaerobic, viability normally is only 24 hours or less at 250C. We find that viability can be extended to at least 96 hours if seedlings are given a hypoxic pretreatment for 18 hours by sparging the solution with 4% 02 in nitrogen (v/v) before anoxia. Fully aerobic root tips (sparged with 40% 02) had very low alcohol dehydrogenase (ADH) activity (per gram root fresh weight), and the level remained low under anoxia. In hypoxically pretreated roots, however, high levels of ADH activity were induced, and activity rose further during the initial 24 hours of anoxia, and then remained high at about 20 times that of controls in 40% 02. ADH activity in roots in solution sparged with air (21% 02) was about three times that in 40% 02. Improved viability of hypoxically pretreated root tips was associated with maintenance of a high energy metabolism (ATP concentration, total adenylates, and adenylate energy charge). Roots that were not pretreated lost 94% of the total adenylates and ATP at 24 hours of anoxia. The relation between induced ADH activity, energy metabolism, and improved anoxia-tolerance in acclimated maize root tips is discussed.
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Many dryland plant species, including maize, sustain injury or even death when the soil becomes excessively wet through irrigation, poor drainage of the soil profile, or transient flooding (7, 8) . Flooding injury is initiated when the concentration of molecular oxygen in the rooting zone is too low to maintain aerobic respiration throughout the root tissue. Below this COP,2 energy metabolism in cells progressively declines (28) with inhibition of root growth, ion transport, and alterations in water and hormone relations (5, 8) .
A critical feature for plant survival under these conditions may be the ability of root cells to maintain their energy status anaerobically. Some native wetland species and rice can survive extended periods of anoxia (2, 12, 14, 15, 17) . Survival and a relatively high AEC are associated with sustained ethanolic fermentation which results in a net synthesis of ATP during glycolysis (15, 17, 23, 24 tips, for example, remain viable for only 15 to 24 h in a strictly anaerobic environment (19) , despite the ability to carry out ethanolic fermentation (29) . In studying plant response to oxygen deficiency under laboratory conditions, investigators have used a variety of methods that can be categorized as giving rise to either anoxia (no molecular oxygen) or hypoxia (a less severe deficiency of oxygen) within the tissue. Interestingly, most metabolic studies have been with anoxia (9, 13, 19, 20, 23, 27) , whereas, it seems that molecular studies ofoxygen deficiency have mostly employed hypoxia or hypoxia followed by anoxia (6, 10-12, 22, 25) . While either experimental protocol is equally valid for examination of response to oxygen deficit, fundamental metabolic consequences arise from the precise conditions used.
The sudden imposition of anoxia causes an abrupt decline in energy metabolism (21, 29) , for there is no store of ATP and the rate of ATP synthesis suggests that its half-life in aerobic root tips of maize is only 8 s (21). Treatments involving hypoxia, on the other hand, resemble more closely the gradual decline in PO2 that occurs under natural conditions. This gradual decline may allow induction of a set of stress proteins, the anaerobic polypeptides (25) . In maize root tips, 10 major and 10 minor anaerobic polypeptides can be distinguished (25) . The role of these proteins is not well understood but at least five ANPs have been identified: sucrose synthase and enzymes in the glycolytic pathway (10, 1 1), as well as pyruvate decarboxylase (12) and ADH (25) .
Recently, Saglio et al. (26) showed that when intact maize plants were treated hypoxically for 18 h, the excised root tips maintained higher concentrations of ATP and total nucleotides and a greater AEC during a subsequent anaerobic incubation (with 50 mM glucose) than roots not previously acclimated to low oxygen conditions. In the present paper, we extend these observations to compare in detail the acclimation response ofroot tips of intact maize plants subjected to anoxia for up to 4 d. Plants were either acclimated by a hypoxic pretreatment (18 h at 4% oxygen) or not acclimated. Specifically, we examined: (a) the viability of root tips during an extended period ofstrictly anaerobic conditions, (b) the energy metabolism of root tips under aerobic and anaerobic conditions, and (c) changes in ADH activity during hypoxia and prolonged anoxia.
MATERIALS AND METHODS Plant Material
Maize (Zea mays cv TX5855) was germinated in the dark on wet filter paper at 25°C. Three d after imbibition, the germinated seedlings were transferred to 3.5 L screw top glass jars containing 2 L of 3 mm CaSO4. The roots of intact seedlings (10-20 per jar) were inserted through holes in expanded polystyrene blocks that floated on the solution so that the coleoptile and emerging first leaf were in the gas phase. Each top had an entrance line connected to a sintered glass aeration stone at the bottom of each jar for sparging. An exit line in the top allowed gases to escape and was kept 10 to 20 mm below a water surface to ensure positive gas pressure within the jar. Gas treatment for each jar was supplied by prepurified gas mixtures and controlled by electronic gas flow meters to ensure accurate mixing and flow rates (200 mL/ min/jar). All jars were in a dark room at 25°C during hypoxic and anoxic treatments.
Gas Treatments
After 24 h of sparging with ambient air, air-tight tops were placed on each jar. Junctions between entrance or exit lines and tops were sealed with silicone rubber. In addition, the silicone rubber was used to form a gasket at the junction between top and jar, and 'Parafilm' was wrapped in several layers around the outside ofthe top and jar. Hypoxic pretreatment consisted of vigorously sparging the solution (200 mL/ min/jar) with a mixture of oxygen and prepurified N2 gas (4% 02 v/v). This is equivalent to an oxygen partial pressure of 4 kPa. The aerobic treatment was a mixture of oxygen and prepurified N2 gas (40% O2 v/v). The anaerobic treatment consisted of vigorously sparging with 99.97% prepurified N2 gas.
Viability Determination
Root tips were considered to be viable if they resumed elongation during reoxygenation. Elongation was followed by measuring root length with a mm rule at the end of each gassing treatment, i.e. after pretreatment, after the anaerobic treatment, and at various times during reoxygenation. A reference mark was applied 10 mm behind the root tip at the start of the hypoxic pretreatment using a charcoal slurry and fine brush. Changes in root length from the charcoal mark to the root tip were recorded for each individual root.
Controls were kept in 40% (v/v) oxygen throughout the experiment to ensure that all cells were fully aerobic. The COP for maize roots at 25°C is approximately that in ambient air (28) , so that a small degree of hypoxia could have developed in the center ofthe root tissue without additional oxygen. Preliminary experiments showed that the rate of root extension was the same in 40%02 as in 21% 02. Hypoxic pretreatment was for 18 h, and anoxic treatments were of 0, 24, 48, 72, and 96 h duration. For reoxygenation, plants were transferred to a dilute nutrient solution sparged with ambient air to allow resumption of growth by viable roots.
Extraction and Estimation of Adenine Nucleotides
At the end of each anaerobic treatment, the entrance and exit lines to each jar were clamped off to prevent entry of oxygen. The jar was then placed in an anaerobic workbench, continuously purged with a flow of 99.97% prepurified nitrogen (5-8 L min-'). Access to the work bench was through a transfer chamber, which was purged with nitrogen gas for 30 min before the jars were placed in the main chamber. An additional 30 min was given to purge the main chamber to ensure no traces of oxygen remained. Absence of oxygen within the workbench was monitored with an oxygen electrode, and with germinating rice seedlings as a 'bioassay' for oxygen. Rice germinates anaerobically and will green ifa trace of oxygen is present.
Roots were excised 5 mm from the tip in the workbench and placed in 5 mL serum vials (5 tips/vial). The vials were plunged into liquid nitrogen, removed from the workbench, and placed in a prechilled lyophilizer (-45°C) and lyophilized overnight. The serum vials were sealed under vacuum prior to removal from the lyophilizer. Lyophilized root tips were homogenized at -20°C in 0.5 M TCA in diethyl ether using a Brinkman tissue homogenizer, and nucleotide extraction and estimation were essentially as published elsewhere (27) . ATP was assayed by a luciferin-luciferase reaction monitored with an LKB luminometer. ADP and AMP were enzymatically converted to ATP and internal standards of ATP, ADP, and AMP were included throughout.
Alcohol Dehydrogenase (EC 1.1.1.1)
Following each treatment, 10 root tips (5 mm) were excised, frozen in liquid nitrogen, and assayed for ADH activity using published procedures (4). Determination of protein in the extract was according to Bradford (3) .
RESULTS

Viability
HPT of plants resulted in a markedly greater viability of roots subjected to a subsequent period without oxygen. All roots of NHPT plants were dead after 24 h of anoxia. However, all the HPT roots were viable at 24 h, and, although there appeared to be a decline in vigor at 72 h in this experiment, 90% remained viable after 96 h of anoxia (Fig.  1 ). Even after 96 h anoxia, HPT roots were able to extend an average of 18 mm during 48h reoxygenation, compared with 50 mm extension in the same time interval for age controls in 40% oxygen. The greater ability of the HPT plants to survive anoxia was observed in shoots as well as roots. At 96 h, anoxic leaves of NHPT plants turned brown and failed to develop further upon reoxygenation while leaves of HPT plants remained green and resumed growth (data not shown). Roots of HPT plants developed numerous lateral roots on reoxygenation, whereas many of the NHPT primary roots became water soaked and failed to develop lateral meristems or grow.
Root elongation rate during the hypoxic pretreatment slowed to about 50% of the controls and no extension was detectable during the anaerobic treatment whether roots were viable or not. All HPT root tips that were later shown to be viable, retained turgidity during anoxia. Conversely, most root tips that lost viability during anoxia were flaccid and failed to regain turgidity when oxygen was restored. Fig. 2A) and total adenine nucleotides (Fig. 2B) were less than half that of the aerobic controls. During anoxic treatment of the HPT plants, gradual declines in the average concentrations of ATP and total adenine nucleotides per root tip were followed by an increase in total adenine nucleotides between 72 and 96 h. However, the determinations included viable and nonviable HPT roots, and viability was lower for the groups of roots exposed to 72 h anoxia than for those at 96 h in this experiment (Fig. 1) In control plants, the AEC remained between 0.82 and 0.92 throughout the experiment (Fig. 2C) . Anoxic HPT roots displayed a steady decline in AEC with increasing periods of anoxia, but at 72 h values were still approximately 0.60. However, the AEC for the nonviable NHPT roots was similar to that of the viable HPT roots. For the NHPT roots, there was little or no ATP, ADP, or AMP; thus although the AEC (Fig. 2C) for these roots after 96 h anoxia was 0.58, the total adenylates were only 2.4% that of the aerobic controls. By contrast, the AEC of HPT roots at 96 h of anoxia was 0.3, but the total adenylates were 83% that of the aerobic controls.
Alcohol Dehydrogenase Activity
Little or no ADH activity was found in roots of aerobic controls treated with 40% oxygen (Figs. 3 and 4) , and values were not significantly greater for NHPT roots under anoxia (Fig. 3) . The HPT roots, in contrast, showed a significant increase in ADH activity at the end ofthe pretreatment period before anoxia began, and this activity increased during the initial 24 h of anoxia and remained high throughout 96 h. At that time, ADH activity in HPT roots was 20 times greater than in aerobic controls in 40% 02 whether expressed per g fresh weight or per mg protein. At 21% 02, the concentration in ordinary air, ADH activity at 24 h was 3 times greater than in roots in solution sparged with 40% 02 (Fig. 4) . Although these levels of activity were small compared with HPT roots, it suggests that root tissues were not fully aerobic when sparged with air at 25°C. Time (h) Figure 4 . Alcohol dehydrogenase activity of (19) if one recognizes that the term 'hypoxia' (19) is equivalent to anoxia in the present investigation. Although oxygen can diffuse from shoots to roots through internal gas-filled channels within the plant (1, 8) , the use of sealed containers in which the shoots were in the same gaseous environment as the roots eliminated the possibility of any transport of exogenous oxygen to the roots in our experiments. Sachs et al. (25) noted that the root tips of intact maize seedlings could survive up to 70 h of anaerobic treatment, but inspection of their experimental procedure indicates that seedlings were initially hypoxic rather than anoxic, since precautions were not taken at the beginning to rigorously exclude oxygen from the root environment.
Root tips of plants not previously acclimated to low oxygen rapidly lost ATP, and total adenylates during the initial hours of anoxia (Fig. 2) , in agreement with the results of others (20, 26, 29) . In contrast, acclimated roots maintained greater concentrations of ATP and adenylates ( Fig. 2; ref. 26) closer to those in aerobic controls. Thus, the viability of root tips parallels energy metabolism throughout the period of anoxia.
One determinant in anoxia-induced cell death in maize root tips is the gradual acidification of the cytoplasm due to a net influx of protons into the cytoplasm from the vacuole (19) . Under normal aerobic conditions, the greater concentration of H' in the vacuole (maintained at 1.2 pH units below that of the cytoplasm [19] ) depends on continuous energizing of H+-translocating ATPases to drive H' against the free energy gradient. Anaerobic respiration appears to be insufficient to drive H'-transport at an adequate rate. Cells that succumb more quickly to anoxia, such as those of pea and bean root tips (18) orAdhl-maize mutants (19) , display more rapid cytoplasmic acidosis. These observations raise the possibility that in HPT cells, although energy metabolism is depressed, it is adequate to energize H+-translocating ATPases at the tonoplast and avoid early acidosis of the cytoplasm.
The present study, in common with others (14-16, 24, 29) , estimated the energy status of cells by measuring ATP levels, total adenylates, and AEC on cell extracts; this approach makes no assumptions about the role of AEC in enzyme regulation (16, 21) . However, in an earlier paper (26) (Fig. 4) (25) , but our present work suggests its induction depends on hypoxia rather than anoxia. In HPT roots, which retained their viability under anoxia for 96 h, ADH activity tended to increase during the first 48 h of anaerobiosis and remain at a high level for the duration of the experiment (Figs. 3 and 4) . Also, ADH activity increased on a fresh weight basis (Fig. 3B) , which indicates production of the enzyme (4), and not an increase in specific activity because of protein breakdown. This suggests that once induced, ADH activity is maintained anaerobically.
We give prominence to ADH in this study for several reasons. First, glycolysis and ethanolic fermentation constitute the only pathway for net synthesis of ATP and simultaneous regeneration of NAD that has yet been firmly established in anoxic root tissue of maize (20, 29) , rice (14, 17) , or in wetland species that can survive many days or months of continuous anoxia (15, 23) . Second, ADH is the final enzyme in the pathway, and is induced by low oxygen conditions. Third, greater ADH activity is found in HPT roots of maize that are anoxia tolerant. However, these considerations are not sufficient to demonstrate that the rise in ADH activity is causally related to improvements in energy metabolism and cell viability. Other enzymes of the glycolytic pathway leading to ethanol are also induced by low oxygen (10) (11) (12) 25) . Also, a low ADH activity is induced in plants grown at 25C at levels of oxygen normally found in the environment (Fig. 4) . It is possible that this low ADH activity found in roots receiving ambient air is adequate for subsequent fermentation during anoxia. The significance of hypoxic induction of ADH, and other enzymes associated with glycolysis and fermentation, to the survival of maize root tip cells during anoxia is thus unclear until it can be demonstrated that they function to enhance rates of carbohydrate breakdown, fermentation, and ATP synthesis.
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